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We report on the itinerant ferromagnetic superconductor UGe2 through
73Ge-NQR measurements
under pressure (P ). The P dependence of the NQR spectrum signals a first-order transition from
the low-temperature (T ) and low-P ferromagnetic phase (FM2) to high-T and high-P one (FM1)
around a critical pressure of Px ∼ 1.2 GPa. The superconductivity exhibiting a maximum value of
Tsc = 0.7 K at Px ∼ 1.2 GPa, was found to take place in connection with the P -induced first-order
transition. The nuclear spin-lattice relaxation rate 1/T1 has probed the ferromagnetic transition, ex-
hibiting a peak at the Curie temperature as well as a decrease without the coherence peak below
Tsc. These results reveal the uniformly coexistent phase of ferromagnetism and unconventional su-
perconductivity with a line-node gap. We remark on an intimate interplay between the onset of
superconductivity and the underlying electronic state for the ferromagnetic phases.
PACS numbers:
I. INTRODUCTION
The coexistence of magnetism and superconductiv-
ity (SC) is an important recent topic in condensed-
matter physics. The uniformly coexistent phases of an-
tiferromagnetism (AFM) and SC have been reported in
UM2Al3 (M = Pd,Ni),[1] CeCu2Si2,[2, 3, 4] CeIn3,[5, 6,
7] and CeRhIn5,[8, 9, 10] where f -electrons are antici-
pated to contribute to both AFM and SC. Recently, in a
ferromagnet UGe2 with a Curie temperature TCurie = 52
K at ambient pressure (P = 0), P -induced SC was dis-
covered to emerge under P = 1 − 1.6 GPa [11, 12]. It is
noteworthy that SC in UGe2 disappears above Pc ∼ 1.6
GPa beyond which ferromagnetism (FM) is suppressed.
This fact implies that SC and FM in this compound may
be cooperative phenomena. It is, however, currently be-
lieved that the uniformly coexistent phase of FM and SC
is unlikely to exist because the Cooper pairs feel a non-
vanishing internal field to prevent the onset of a spin-
singlet SC. It is, therefore, surprising that both of FM
and SC are carried by 5f electrons of uranium atoms
and SC coexists with FM with a large moment of the or-
der of 1µB/U, which suggests that a spin-triplet pairing
state may be formed. Although SC and FM have been re-
ported in HoMo6S8,[13] ErRh4B4 [14] and ErNi2B2C,[15]
we should note that TCurie < Tsc and the two orders are
competing in these cases. FM is carried by localized 4f
electrons of Ho and Er atoms, whereas SC by conduction
electrons. In this context, the recent discoveries of SC in
ferromagnets UGe2,[11, 12] ZrZn2, [16] and URhGe [17]
have been a great surprise.
Figure 1 shows the P versus temperature (T ) phase
diagram of UGe2 established from various measurements
[11, 12, 18, 19, 20, 21]. TCurie decreases monotonously
from TCurie = 52 K at P = 0 with increasing P . SC sets
in at pressures exceeding P ∼ 1.0 GPa, exhibiting a max-
imum value of superconducting transition temperature
Tsc ∼ 0.7 − 0.8 K around Px ∼ 1.2 GPa. The measure-
ments of magnetization and resistivity show anomalous
behaviors at Tx far below TCurie [12, 20]. The high-T
phase is denoted as FM1 and the low-T one as FM2 as
indicated in the phase diagram. An interesting point is
that Tsc becomes maximum at Px ∼ 1.2 GPa, where Tx
disappears as if it were a termination point of a first-
order transition from FM2 to FM1 [21]. The fact that
both SC and FM disappear simultaneously at Pc ∼ 1.6
GPa suggests that SC is in a spin-triplet pairing state
under the background of FM. However, it has been sus-
pected from the measurements of diamagnetic suscepti-
bility that both phases do not coexist but rather compete
with each other; as P increases, a volume fraction of SC
grows over the whole system, whereas FM seems to be-
come spatially inhomogeneous [22]. This result raises a
question as to whether or not the uniformly coexistent
phase of SC and FM is realized in UGe2.
In this article, we report on results of a series of
FIG. 1: The pressure versus temperature phase diagram of
UGe2 [18, 19]. Arrows show values of P where the present
NQR measurements have been done.
nuclear-quadrupole-resonance (NQR) measurements of
the enriched 73Ge that address the microscopic charac-
teristics of SC and FM in UGe2. We have also examined
to what type of superconducting order parameter exists
in UGe2.
II. EXPERIMENTAL PROCEDURES
A polycrystalline sample enriched in 73Ge was pre-
pared and crushed into powder for NQR measurements.
Hydrostatic pressure was applied by utilizing a BeCu
piston-cylinder cell, filled with Daphne oil (7373) as a
pressure-transmitting medium. To calibrate a value of
P at a sample position at low temperatures, the P -
dependence of Tsc of Pb was measured by resistivity mea-
surement. Furthermore, in order to inspect a pressure
gradient in the cell, we have measured a P increasing rate
dνQ/dp of quadrupole frequency νQ of a reference sam-
ple (CeCu2Si2) with a narrowest linewidth (∆νQ ∼ 0.01
MHz) in NQR spectrum to date. In this sample, as P
increases, νQ increases linearly due to a linear increase of
the electric field gradient at the Cu site that is caused by
an increase in the lattice density. Using dνQ/dp = 9.52
Hz/bar, a gradual increase of ∆νQ with increasing P as-
sures that a possible distribution of P , ∆P/P is less than
3% in the cell for NQR measurements. A 3He-4He dilu-
tion refrigerator is used to reach the lowest temperature
of ∼ 50 mK. The NQR experiment was performed by the
conventional spin-echo method under zero field in the fre-
quency (f) range of 5 - 12 MHz.
III. EXPERIMENTAL RESULTS
A. 73Ge-NQR spectrum − Evidence for first-order
transition−
FIG. 2: The temperature dependence of NQR spectra at
P = 1.2 GPa. The NQR spectrum (a) at T = 45 K for
the paramagnetic (PM) state reveals well separated peaks as-
sociated with three Ge sites as seen in the crystal structure
of UGe2. Note that, due to the asymmetry parameter η ∼ 1
at the Ge1 site (see text), the NQR spectrum for the Ge1
site consists of two main peaks, whereas each spectrum at
the Ge2 and Ge3 sites does from four peaks, although the
lowest and highest peak for the Ge2 and Ge3 sites are out
of the observation range, respectively. The respective NQR
spectra (b) and (c), which are obtained at T = 28 and 4.2
K below TCurie = 31 K, are affected by internal field Hint
induced by the onset of ferromagnetism. Dotted lines trace
the change in NQR frequencies caused by the increase in Hint
upon cooling. (d) The T dependence of 1/T1T at 8.50 MHz.
The solid curve is a calculation based on the self-consistently
renormalized (SCR) spin-fluctuations theory for weakly itin-
erant ferromagnets.[25]
Figure 2 shows the T dependence of 73Ge-NQR spec-
trum at P = 1.2 GPa where the ferromagnetic transi-
tion temperature TCurie is decreased to TCurie = 31 K,
which was determined by ac-χ measurement. In Fig. 2,
the NQR spectrum (a) is measured at T = 45 K for the
paramagnetic state, and the respective spectra of (b) and
(c) at T = 28 and 4.2 K in the ferromagnetic state. The
spectrum (a) reveals a structure consisting of well sepa-
rated peaks associated with three inequivalent Ge sites in
one unit cell (see the crystal structure of Fig. 2). A Ge1
site is closely located along an uranium-zigzag chain. The
other two Ge2 and Ge3 sites are located out side of this
zigzag chain. The number of Ge1 sites is twice as large
as the Ge2 and Ge3 sites in one unit cell. The respective
values of the asymmetry parameter η of the electric field
gradient (EFG) at the Ge1, Ge2 and Ge3 sites were calcu-
lated on the basis of band calculation by one of authors
(H. Harima) to be η = 0.95 0.68 and 0.72. Note that
a 73Ge-NQR spectrum with a nuclear spin of I = 9/2
consists of four equally separated peaks in case of sym-
metric EFG, whereas in case of asymmetric EFG, they
are no longer equally separated. Especially for η = 1,
the four peaks collapse into two peaks. The two large
peaks around 6 and 8.5 MHz in the NQR spectrum (a)
are assigned to the Ge1 site with the parameters of an
NQR frequency νQ ∼ 2.3 MHz and η = 0.98, consistent
with the calculation for the Ge1 site. Note that the peak
at 6 MHz (8.5 MHz) is arising from ±3/2 ⇐⇒ ±5/2
and ±5/2 ⇐⇒ ±7/2 transitions (±1/2 ⇐⇒ ±3/2 and
±7/2 ⇐⇒ ±9/2 transitions). Other peaks are reason-
ably assigned to arise from the Ge2 and Ge3 sites as in-
dicated in the figure, allowing us to deduce η = 0.74 and
0.80, although these values are somewhat larger than the
calculated values η = 0.68 and 0.72, respectively. These
assignments are also corroborated by the spectrum at
T = 4.2 K and P = 2.0 GPa as seen in the inset of
Fig. 4(a) where FM is completely suppressed.[23] Thus,
three Ge sites are separately noticed in the 73Ge-NQR
spectrum observed in the range f = 5− 12 MHz.
Below TCurie = 31 K at P = 1.2 GPa, the NQR
spectrum undergoes a marked change upon cooling as
seen in Figs. 2(b) and 2(c). This is because the onset of
FM induces an internal field Hint at the Ge sites caus-
ing Zeeman-splitting in each of Ge-NQR spectra. Here,
we focus on the change in the NQR spectrum under the
presence of Hint at the Ge1 site which is closely located
to the uranium zig-zag chain. In fact, the dotted lines
in Fig. 2 trace the change in NQR frequencies as Hint
increases at the Ge1 site upon cooling. The NQR spec-
trum in Fig. 2(a), that consists of two peaks for the Ge1
site in the PM state, splits into multi-NQR lines. From
the comparison between experiment and calculation, the
respective values of Hint = 0.32 T and 0.88 T are tenta-
tively estimated at T = 28 and 4.2 K for the Ge1 site.
When noting that the NQR spectra for FM are seem-
ingly observed around the same frequencies as those for
the PM state, one may suspect that some non-magnetic
sites remain separated spatially in the sample even below
TCurie. In order to check this possibility on a microscopic
level, the nuclear spin-lattice relaxation rate 73(1/T1) was
measured at f = 8.5 MHz where the NQR spectrum for
the Ge1 site has its strongest peak in the PM state. As
described in details in the next section, T1 was deter-
mined by the theoretical curve of nuclear magnetization
for ±1/2 ⇐⇒ ±3/2 and ±7/2 ⇐⇒ ±9/2 transitions
where the value of η = 1 was incorporated.[24] As indi-
cated in Fig. 2(d), a clear drop in 1/T1 below TCurie,
associated with the suppression of low-lying magnetic
fluctuations, revealed that all the Ge sites in the sam-
ple are affected by the onset of FM. It is furthermore
noteworthy that the T dependence of 1/T1 in the PM
state obeys a relation of T/(T − TCurie) which is the
T variation predicted by the self-consistently renormal-
ized (SCR) spin-fluctuations theory for weakly itinerant
ferromagnets.[25]
FIG. 3: (a) The P dependence of the 73Ge spectra at ∼ 0.3
K. The spectrum for FM1 (FM2) at P = 1.3 (0.95) GPa
is simulated by the overlap of two broad (sharp) Lorentzian
spectra as indicated by dotted (dashed) lines. The spectra at
P = 1.15 and 1.2 GPa are reproduced by the superposition of
the sharp (dashed) and broad (dotted) two Lorentzian spectra
for FM2 and FM1, respectively, demonstrating that phase
separation takes place. (b) The T dependence of the spectrum
at P = 1.15 GPa. The sharp peak associated with FM2
appears suddenly below Tx ∼ 6 K around which the transition
from FM1 to FM2 is of first order.
Figure 3(a) shows the P dependence of spectrum in
the f = 7 − 8 MHz range for the Ge1 site at T = 0.3
K for P = 0.95, 1.15, 1.2 and 1.3 GPa. The spectrum
for FM1 at P = 1.3 GPa is significantly broader than
that for FM2 at P = 0.95 GPa. Each spectrum can be
accurately modeled by taking into account the overlap
of two Lorentzian spectra. Their full width at a half
maximum ∆f is twice as large for FM1 (∆f ∼ 0.53 MHz)
than for FM2 (∆f ∼ 0.20 MHz) as seen in Fig. 3(a). A
remarkable finding is that the spectra at P = 1.15 and
1.2 GPa are reproduced by the superposition of the sharp
and broad two Lorentzian spectra for FM2 and FM1,
respectively, demonstrating a phase separation. Here, a
fraction of FM2 to FM1 is estimated as FM2 : FM1 ∼
5 ± 1 : 5 ∓ 1 and 2 ± 1 : 8 ∓ 1 at P = 1.15 and 1.2
GPa, respectively. This evidences that the P -induced
transition from FM2 to FM1 is of first order, consistent
with other experimental results [21, 26]. When noting an
inevitable distribution of pressure ∆P ∼ 0.03−0.04 GPa
at P = 1.15 and 1.2 GPa, if a critical pressure for first-
order transition Px were in the range 1.15 and 1.2 GPa,
it could not be ruled out that this distribution of ∆P ∼
0.03 − 0.04 GPa makes the phase separated into FM2
and FM1 in association with the first-order transition
from FM2 to FM1 at Px.
Figure 3(b) displays the T dependence of the spectrum
at P = 1.15 GPa where the transition temperature Tx
from FM1 to FM2 is estimated as Tx ∼ 6 K from other
measurements [27]. The broad spectrum for FM1 at 12
K above Tx resembles that at P = 1.3 GPa and T =
0.3 K as seen in the top of Fig. 3(a). As seen in the
spectrum at T = 4.2 K below Tx ∼ 6 K, on the other
hand, the sharp spectrum appears suddenly, associated
with the first-order transition from FM1 to FM2. This
result, therefore, suggests that the distribution ofHint for
FM1 is smaller than that for FM2, leading to an increase
in magnetization below Tx. It should be noted that even
though both FM1 and FM2 are separated around Px ∼
1.2 GPa, SC reveals a highest value of Tsc = 0.7 K. By
contrast, when entering FM2 at P = 0.95 GPa and FM1
at P = 1.3 GPa apart from Px, Tsc goes down for the
single phase of either FM1 or FM2.
B. Nuclear spin-lattice relaxation −Evidence for
uniform coexistence of ferromagnetism and
unconventional superconductivity−
At the PM state, T1 was uniquely determined by a the-
oretical curve for the recovery of nuclear magnetization
m(t) where the respective values of asymmetry parame-
ters was incorporated [24];
mGe1,4νQ(t) =
M(∞)−M(t)
M(∞)
= 0.075exp
(
− 3tT1
)
+ 0.347exp
(
− 7.5tT1
)
+0.425exp
(
− 16.5tT1
)
+ 0.153exp
(
− 27.6tT1
)
(1)
for the 4νQ transition with η = 1 at the Ge1 site, and
mGe3,1νQ(t) =
M(∞)−M(t)
M(∞)
= 0.058exp
(
− 3tT1
)
+ 0.357exp
(
− 7.6tT1
)
+0.397exp
(
− 16.3tT1
)
+ 0.188exp
(
− 28tT1
)
for the 1νQ transition with η = 0.8 at the Ge3 site. Here
M(∞) andM(t) are the respective values of nuclear mag-
netization at the thermal equilibrium state and at time t
after saturation pulses.
Figure 4(a) indicatesmGe1,4νQ(t) for the 4νQ transition
at 8.5 MHz for the Ge1 site that is denoted by an arrow
in the spectrum in the inset. The theoretical curve for
it is shown by the solid line, which is consistent with a
single value of (1/T1)Ge1 in eq.(1). The T1 for the Ge3
site was measured at the 1νQ transition at 10.7 MHz with
a single value of (1/T1)Ge1(not shown), being six times
larger than for the Ge1 site, i.e. (1/T1)Ge1/(1/T1)Ge3 =
6.
At the ferromagnetic state, the NQR spectrum splits
into multi-NQR lines as seen in Fig. 2(c). T1 was mea-
sured at 7.75 MHz where the NQR spectrum is ex-
pected to dominantly arise from the Ge1 site. However,
mGe1(t) was not uniquely fitted by eq.(1). Instead, as
expected from the change in the spectrum from Fig .2(a)
to Fig. 2(c), by assuming a possible overlap with the
spectrum for the Ge3 site, the observed nuclear magne-
tization mobs(t) is well fitted by
mobs(t) = A×mGe1,4νQ +B ×mGe3,2νQ
= A×
{
0.075exp
(
− 3tT1
)
+ 0.347exp
(
− 7.5tT1
)}
+A×
{
0.425exp
(
− 16.5tT1
)
+ 0.153exp
(
− 27.6tT1
)}
+B ×
{
0.029exp
(
− 3t6T1
)
+ 0.026exp
(
− 7.6t6T1
)}
+B ×
{
0.157exp
(
− 16.3t6T1
)
+ 0.788exp
(
− 28t6T1
)}
with A = 0.9, B = 0.1 and (1/T1)Ge1/(1/T1)Ge3 = 6
that is indicated by the solid line in Fig. 4(b). Note
that the spectrum at 7.75 MHz is also affected by the
2νQ transition for the Ge1 site as seen from the change
in the spectrum from Fig. 2(a) to Fig. 2(c). By in-
corporating mGe1,2νQ , the recovery curve indicated by
a dashed line is calculated from the formula of A4νQ ×
mGe1,4νQ(t)+A2νQ ×mGe1,2νQ(t)+B×mGe3,2νQ(t) with
A4νQ +A2νQ = 0.9 where A4νQ/A2νQ = 7/3 and B = 0.1,
resembling the solid curve. Although the NQR spectrum
is seemingly complicated below TCurie, the value of T1
at the Ge1 site is reasonably determined and remains
reliable.
It should be noted from Fig. 4(c) that the mobs(t/T1)
at P = 1.2 GPa, that is plotted against a t normalized by
the value of T1, is on a nearly same single line as that at
P = 1.3 GPa for FM1. From this fact, the electronic state
at P = 1.2 GPa is expected to be compatible to that for
FM1 beyond Px, even though the phase separation into
FM1 and FM2 is observed at P = 1.2 GPa.
Next we extract characteristics of UGe2 from the thus
obtained T1 data. Figures 5 and 6 indicate the T depen-
dence of 1/T1 measured at the NQR peak at f = 7.75
MHz for the spectrum at P = 1.15 and 1.2 GPa. Note
that 1/T1 is uniquely determined. Figure 7 measured
at the peak for the spectrum for FM1 at P = 1.3 GPa
does that as well. The T1 measurements probe SC at
Tsc = 0.35, 0.7, and 0.55 K (±0.05 K) for P = 1.15, 1.2,
and 1.3 GPa, respectively. In order to confirm the bulk
nature of SC for both the phases, 1/T1T at P = 1.2 GPa
was measured in the range f = 7.75, 8.5 and 9.12 MHz.
As indicated in the inset of Fig. 6, all the data reveal a
similar T dependence across Tsc, supporting the homo-
geneous and bulk nature of SC on a microscopic level.
1/T1 reveals a rapid decrease below TCurie, followed by
a T1T ∼ const. like behavior upon cooling. In the super-
conducting state, a clear decrease in 1/T1 is evident below
FIG. 4: The observed recovery of nuclear magnetization
m(t) = M(∞)−M(t)
M(∞)
. (a) the 4νQ transition (8.5 MHz) at
P = 2 GPa and T = 4.2 K for the Ge1 site at the para-
magnetic phase. The solid line is the theoretical curve with
a single value of T1 in eq.(1) (see the text). (b) By assum-
ing a possible overlap with the NQR spectrum for the Ge3
site, the observed nuclear magnetization mobs(t) is well fit-
ted by a solid line which is calculated from the formula of
A×mGe1,4νQ(t)+B×mGe3,2νQ(t) with A = 0.9 and B = 0.1,
and also by a dashed line by A4νQ × mGe1,4νQ (t) + A2νQ ×
mGe1,2νQ (t)+B×mGe3,2νQ (t) with A4νQ +A2νQ = 0.9 where
A4νQ/A2νQ = 7/3 and B = 0.1. (c) The mobs(t)’s at P = 1.2
GPa and 1.3 GPa are plotted against a time (t/T1) normalized
by the respective values of T1 at T = 0.8 and 0.7 K.
Tsc. Thus, the T1 result, which probes both the transi-
tions into FM and SC, evidences that SC coexists with
both FM2 and FM1 on a microscopic level. Markedly,
1/T1 decreases without any signature of coherence peak
just below Tsc, which gives evidence for an unconven-
tional nature of SC. In fact, the data of 1/T1 are well
fitted by an unconventional superconducting model with
the line-node gap that assumes residual density of states
(DOS) Nres at the Fermi level as indicated by solid lines
in Figs. 5, 6 and 7. A consequence obtained from this
model is addressed in next section. In Fig. 8, 1/T1T
FIG. 5: The T dependence of 1/T1 at P = 1.15 GPa measured
at the peak at f = 7.75 MHz. The solid curve is a calcula-
tion based on an unconventional superconducting model with
a line-node gap (see the text). The identification of both the
phase transitions into SC and FM ensures their uniformly co-
existent phase. TCurie was determined by ac-χ measurement
using NMR coil.
is plotted as function of T at P = 0.95, 1.15, 1.2 and
1.3 GPa. All the data show a T1T = const. behavior far
below TCurie. 1/T1T decreases below Tsc = 0.55, 0.7,
and 0.35 K at P = 1.3, 1.2, and 1.15 GPa, respectively.
The onset of SC was not confirmed down to ∼ 50 mK
at P = 0.95 GPa. A notable point is that the values of
1/T1T above Tsc at P = 1.3 and 1.2 GPa are larger than
the values at P = 1.15 and 0.95 GPa. The underlying
electronic state in FM1 seems to possess the larger DOS
than in FM2. The value of (1/T1T )
1/2 is proportional
to the DOS at the Fermi level, in fact, the P depen-
dence of (1/T1T )
1/2 scales to that of the T -linear coef-
ficient γ in the specific heat at low T [27] as indicated
in the inset of Fig. 8. This underlying electronic state
behind the onset of SC is shown to enhance low-lying
excitations at the Fermi level near Px ∼ 1.2 GPa. As
a matter of fact, once P decreases slightly from 1.2 to
1.15 GPa, Tsc decreases dramatically from Tsc ∼ 0.7 K
down to 0.35 K. Note that this value of Tsc ∼ 0.35 K is
significantly lower than Tsc ∼ 0.6− 0.7 K expected from
other measurements. From the fact that FM2 makes the
NQR peak strong around f = 7.75 MHz and its DOS
is actually reduced, it is likely that SC for FM2 sets in
below Tsc ∼ 0.35 K, whereas SC for FM1 occurs below
Tsc ∼ 0.6− 0.7 K. Therefore, when the phase separation
into FM2 and FM1 takes place just below Px, it is ex-
pected that the superconducting nature differs at FM2
and FM1 exhibiting SC at Tsc = 0.35 and 0.6 − 0.7 K,
FIG. 6: The T dependence of 1/T1 at 1.2 GPa measured at
the peak at f = 7.75 MHz The identification of both the
phase transitions into SC and FM ensures their uniformly
coexistent phase. The solid curve is a calculation based on an
unconventional superconducting model with a line-node gap
(see the text). The inset shows the frequency dependence of
1/T1T at P = 1.2 GPa in the range f = 7.75, 8.5 and 9.12
MHz. The observation of a similar T dependence of 1/T1T
ensures the onset of SC over the whole sample.
respectively. In this context, an exact value of Px may be
located in the range 1.15 and 1.2 GPa. This is because
the electronic state at P = 1.2 GPa is compatible to that
for FM1 where the DOS is largely enhanced regardless of
the phase separation remaining.
IV. DISCUSSION
As indicated by the solid lines in Figs. 5, 6 and 7 and
the dashed lines in Fig. 8, when a line-node gap model is
applied with the finite DOS, Nres/N0 at the Fermi level,
the magnitude of the superconducting energy gap ∆ and
Nres/N0 are estimated to be 2∆/kBTsc ∼ 3.8, 3.6 and
3.6 with Nres/N0 = 0.65, 0.37 and 0.30 at P = 1.15,
1.2 and 1.3 GPa, respectively. In this model, the origin
of Nres/N0 cannot be ascribed to some impurity effect
because Nres/N0 should not depend on P . In a non-
unitary odd-parity pairing model,[28, 29] a unique relax-
ation behavior is predicted to depend on the angle be-
tween the quantization axis of nuclear-spin system and
that of electron-spin one in the non-unitary odd-parity
(spin-triplet) SC [30]. When the former axis is paral-
lel to the latter one, a dependence of 1/T1 ∼ T
2 is ex-
pected at low T , which is inconsistent with the behavior
of 1/T1 ∼ T
2.2 below Tsc at Px ∼1.2 GPa. At the present
stage, however, since this issue cannot be resolved exper-
FIG. 7: The T dependence of 1/T1 at P = 1.3 GPa measured
at the peak in the spectrum for FM1. The solid curve is a cal-
culation based on an unconventional superconducting model
with a line-node gap (see the text).
imentally, further analysis on the basis of this model is
not yet possible .
Finally, we wish to remark why SC emerges around
the critical point for the first-order transition from FM2
to FM1 around Px. These new phenomena observed in
UGe2 should be understood in terms of first-order quan-
tum phase transitions at which the system may fluctuate
between states that are separated by a potential barrier.
In Fermion systems, if the magnetic critical temperature
Tx is suppressed at Px, it involves the diverging magnetic
density fluctuations inherent at the critical point from
FM2 to FM1 in the quantum Fermi degeneracy region.
The Fermi degeneracy by itself generates various insta-
bilities noted as the Fermi surface effects, one of which
is a superconducting transition. On the basis of a gen-
eral argument on quantum criticality, it is shown that the
coexistence of the Fermi degeneracy and the critical den-
sity fluctuations yield a new type of quantum criticality
[31]. This makes the physics of first-order quantum phase
transitions an extremely rich challenge in both theoreti-
cal and experimental studies.
From another context, it is predicted that Tx can be
identified with the formation of a simultaneous charge-
and spin-density wave (CSDW) and hence near the criti-
cal point of this transition, the superconducting pairing is
mediated by CSDW fluctuations.[32] Extensive neutron
diffraction studies, however, did not succeed in detecting
any static order due to the CSDW and also, the present
NQR experiment did not provide possible evidence for
the onset of the CSDW below Tx. The results on UGe2
deserve further theoretical investigations.
FIG. 8: The T dependence of 1/T1T . 1/T1T decreases for
FM2 at P = 1.15 and 0.95 GPa below around Tx. The value of
1/T1T for FM1 is significantly larger than those for FM2. The
inset indicates that the P dependence of (1/T1T )
1/2 (squares)
scales to that of the T -linear electronic contribution in specific
heat γ (circles). The data of γ are referred from ref.[27]
V. SUMMARY
The 73Ge-NQR measurements in UGe2 have revealed
the bulk nature of superconductivity which coexists with
the ferromagnetism on the microscopic level. The P de-
pendence of NQR spectrum has unraveled that the P -
induced magnetic transition is of first order around Px,
showing that there is not a quantum critical point around
Px.
The phase diagram determined by the present Ge-
NMR measurement is shown in Fig. 9 where the respec-
tive Tsc for FM2 and FM1 are plotted by the open tri-
angle and square marks. The phases at P = 1.15 and
1.2 GPa are separated into FM2 and FM1 in association
with an inevitable P distribution ∆P ∼ 0.03− 0.04 GPa
in the cell. At P = 1.15 GPa just below Px where Tx ∼ 6
K, Tsc = 0.35 K for FM2 is significantly reduced than
Tsc ∼ 0.6 K for FM1 in connection with a phase sep-
aration into FM2 and FM1. By contrast, SC with the
maximum value of Tsc = 0.7 K at P = 1.2 GPa has been
demonstrated to take place for both FM1 and FM2 un-
der the background of the phase separation remaining.
As P increases to P = 1.3 GPa, Tsc for FM1 goes down
to 0.55 K. The occurrence of SC under the background of
FM thus seems to be relevant with the first-order transi-
tion at Px.
The T dependence of 1/T1 below Tsc has been found
to be well fitted by the line-node gap model with the
FIG. 9: The P −T phase diagram determined by the present
experiment. Tsc (solid circle) referred from the previous works
is compared with the respective Tsc for FM2 and FM1, which
are plotted by open triangle and square marks. At P = 1.2
GPa, Tsc = 0.7 K coincides for both FM2 and FM1 (see text),
whereas at P = 1.15 GPa just below Px, Tsc = 0.35 K for FM2
is significantly reduced than Tsc ∼ 0.6 − 0.7 K for resistivity
measurement. Px is tentatively denoted by the dashed line at
an intermediate value of P between 1.15 and 1.2 GPa. In a
shaded region around Px, the phase separation into FM1 and
FM2 takes place.
Nres/N0 at the Fermi level. The large P dependence of
Nres/N0 cannot be ascribed to some impurity effect. If
the presence of a self-induced vortex state were respon-
sible for the T1T = const. well below Tsc, the P -induced
variation in the DOS at the normal state should cause the
P dependence of T1T = const. below Tsc. It was not the
case. Further experiments are required for understanding
novel superconducting characteristics and for addressing
a possible order-parameter symmetry in UGe2, either a
unitary- or a non-unitary spin-triplet pairing state.
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